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Preface

This study resulted from the growing interest in the
field of wing-in-ground effect vehicles. The performance
of these vehicles relies on understanding the stability and
control problems associated with intentionally operating
within ground effect. The model used to investigate the
flow parameters associated with the wing-in-ground effect
was suggested by Capt. George D. Catalano, AFFDL/FXM. The
model consisted of a contoured upper plate and a flat bottom
plate. Velocity measurements were taken in the flow field
with various plate separations.

A Laser Velocimeter measurement system was used to
gather data. This system was chosen due to the harsh en-
vironment of the flow field. Conventional intrusive methods
such as hot wire or pressure probes would have presented
problems such as the ability to measure velocities close to
the surface of the plates and regions of highly turbulent
flow.

I wish to thank my thesis advisor, Dr. William C. Elrod,
for his support and encouragement. Mr. William Baker and
Mr. Harold Cannon provided valuable assistance in the labo-
ratory and equipment installation. The AFIT workshop that
provided parts and modifications on the equipment is to be
commended for a job well done.

Joseph A. Krawtz
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Abstract

The wing-in-ground effect phenomenon was examined by
investigating the floﬁ between a flat ground plate and a
contoured upper plate. Velocity and turbulence intensity
measurements were taken at various points in the flow with
a Laser Doppler Velocimeter. Mach numbers studied were
Mach 0.15 and Mach 0.2 at the exit plane of a 1 cm by 10 cm
two-dimensional nozzle.

Measurements were taken across the width of the jet,

5, 10, and 15 cm downstream with plate separations of 1, 2,
and 5 cm and vertically without the ground plate. In addi-
tion, measurements were taken near the top plate with con-
ventional pressure measuring techniques and the results
compared.

The proximity of the ground plate had the effect of
spreading the flow outward across the jet by as much as 20%.
The LV showed the turbulence intensity to be constant across
the potential core of the jet. Turbulence intensity increas-
ed beyond 10% in the boundary layers of the jet and in the
plate boundary layer. The pressure measurement data corre-

lated well with the LV results.

xii
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GROUND PLANE EFFECTS ON A CONTOURED SURFACE AT

LOW SUBSONIC VELOCITIES

I. Introduction

Background

Studies on aerodynamic bodies interacting with a solid
boundary have become important after the development of air-
craft which are designed to use the wing-in-ground effect
(WIG). The concept of the WIG can be applied to surface as
well as conventional airborne vehicles. Both can reap the
performance and economic advantages of intentionally operat-
ing within ground effect. Studies have shown that when WIGs
are operated at heights of less than 20% of the span that
induced drag is decreased and lift is increased (Ref 11).

With the growing interest of WIGs, problems arise con-
cerning the changes in stability of the wing or vehicle
during movement near the ground. Flows in the vicinity of
the lifting surfaces become turbulent and create unequal
load distributions. Analytical methods fail to give satis-
factory results and, at best, can only be applied in some
instances. One approach to understanding the stability
problem is to map the flow field in the vicinity of the wing

and ground. If no definite conclusions are evident from the

results, some qualitative trends characteristic of the flow




g )

could be shown.

Approach

The approach included modeling the wing-in-ground effect
phenomenon with two plates separated by a region of jet flow.
A two-dimensional jet was discharged from a 1 cm by 10 cm
nozzle with the plates oriented parallel to the jet flow.

The upper plate remained fixed at the top of the nozzle exit
while the bottom plate was free to move vertically. The

flow field between the plates was investigated at Mach numbers
of 0.15 and 0.2 for various ground plate positions.

Velocity distributions were measured at various points
in the flow with a Laser Velocimeter operated in the off-
axis forward scattering mode. Conventional velocity pres-
sure measurements were taken and results compared to the

Laser Velocimeter data.

Objectives

The objectives of this investigation were:

1. to map the flow field with the Laser Velocimeter
as a function of ground plate position;

2. to observe the flow in the vicinity of the curved
portion of the top plate;

3. to map the flow field vertically; and

4. to map the same flow field with a pressure probe

and compare results with those for the laser system. :

Scope

Three aspects of jet flow over a curved surface were

2




investigated with a Laser Velocimeter and with conventional
velocity pressure probes. These were chosen to determine
the characteristics of a WIG's environment. Mean velocity
and turbulence intensity profiles were of interest for:

1. Establishing the 'mode of development of the pro-
files on the jet centerline as the flow moves
downstream from the nozzle exit plane. Measure-
ments were taken at 5, 10, and 15 cm downstream
with the distance between curved plate and ground
plane set at 1, 2, and 5 cm.

2. Determining the streamwise profile along the curved

surface as near to the surface permitted by the

. - 3 R YT,

instrumentation. :

3. Observing vertical profiles at 5, 10, and 15 cm

downstream with the ground plate removed.

e e P




II. Test Apparatus

The test apparatus included a nozzle, a contoured
upper plate, and a flat lower plate as shown in Figure 1.
The plates were mounted on a frame at the nozzle exit. The
frame mount allowed the plates to be positioned in various
configurations for testing. The placement of the plates at
the nozzle exit was chosen to determine the characteristics

of a wing-in-ground effect.

Nozzle

The nozzle used was the 1 cm by 10 cm two-dimensional
nozzle initially constructed by Shepard (Ref 10). Later in-
ternal modifications were made to the system by Cerullo (Ref
3) to attain a lower turbulence and thinner boundary layer
at the exit. For this research the model used by Cerullo

was not modified as it suited the purpose for the laser

velocimeter and pressure measurements. The nozzle test
apparatus was located at the Air Force Institute of Techno-
logy School of Engineering Laboratory, Wright-Patterson Air

Base, Dayton, Ohio.

Parallel Plates

Figure 1 shows the position of the top and bottom plates

relative to the nozzle. The top plate or simulated wing in

this case was mounted parallel to the flow flush with top of
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the nozzle exit. The top plate had a width of 28 cm with

a 15 cm straight section to the curve. The curved surface

was bent 65 degrees with a 22 cm radius.

Static pressure taps were placed parallel and perpendi-

cular to the flow at 45 locations corresponding to the LDV

test planes. The location of the taps is shown on Figure 2.

On the flat portion of the plate taps were placed 1.5 cm

apart at the 5, 10, and 15 cm stations perpendicular to the

flow. Eight additional ports were located along the center

line of the jet 2 cm apart along the curved surface.

The flat bottom plate, or ground plate, was also 28 cm

wide and extended 50 cm from the nozzle exit plane. A

sliding frame enabled quick and accurate vertical adjustment

of the bottom plate without interfering with the flow field

or laser beam.

Both plate surfaces adjacent to the flow were painted

flat black in order to minimize aberrant light for the opti~

cal system. A rigid frame supported both plates from behind

the nozzle exit. For the Mach 0.2 run, additional clamp

supports were necessary to alleviate the problem of plate

vibration due to the turbulent flow field.
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III. Instrumentation

Instrumentation for data acquisition included Meriam
manometers for pressure observations to monitor nozzle exit
Mach number, the Laser Velocimeter system mounted on a tra-
versing mechanism and a micromanometer to obtain pressure
velocity data. The components of the discharge nozzle and
Laser Doppler Velocimeter are discussed in the proceeding

section.

Nozzle

Pressures were measured by static pressure taps and
Meriam manometers. A 100-inch Meriam manometer was used to
measure the pressure in the chamber at the nozzle entrance.

A course adjust main valve and a fine adjust bypass valve
located at the inlet of the chamber enabled the pressure to
be regulated in the chamber. Constant checks on the system
for each run were necessary due to fluctuations in the com-
pressed air system. The manometer, in conjunction with a
thermometer in the chamber, allowed the system to be adjusted

to the desired exit Mach number.

Laser Doppler Velocimeter

A schematic of the LDV system used in the investigation
is shown in Figqure 3. The LDV and its associated receiving

optics were mounted on a three-degree-of-freedom traversing

e AP e . e gt 0771




we18Ag JUSWOINSESN JIVJSWTOOTIA Joswy ‘€ oanITd

wajyskg
Sutsaeara]
STXe-93JY]J

J914 T7dsueaqg

qutod TBO0d

agqny
x8 TTd 19 Tnwo3oud X 7
pue suaT ojoydsTal

I03BTOIX0) O x




system enabling any point in the flow field to be measured.

The instruments used consisted of a helium-neon laser, a
beamsplitter, a 200 mm telephoto lens, a photomultiplier
tube, a digital correlator, and an oscilloscope. The follow-
ing is a brief descriptibn of the components. A more detail-
ed description of the system can be found in Ref 6.

Laser. A Spectra Physics Model 124A helium-neon laser
operating at 63284 with a hominal output power of 15 mW was
used. The laser produced a beam with a 1.1 mm diameter.

Beamsplittex. The 1.1 mm diameter beam passed through

a Malvern RF 307 transmitter beamsplitter mounted directly
on the laser body. This unit required a vertically polar-
ized input beam to ensure that the two output beams were of
equal intensity. This was easily accomplished with the A/2
plate in the beamsplitter to equalize £he intensities.

The two output beams intersected downstream to form
the focal volume or test control volume. Adjustments were
provided to vary the separation of the beams and the point
at which the beams intersected (i.e. the cross-over point).

Telephoto Lens. A 200 mm Vivitar telephoto lens in-

stalled with a 9.0 cm spacer was used to align the photo-
multiplier optics. The lens collected the light scattered
by the particles as they moved through the focal volume and
focused the light onto a pinhole aperture.

The aperture served a dual purpose; first, to regulate
the diameter of the control volume, and second, to eliminate

any scattered light other than from the observed focal volume.

10
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The instrument was provided with 100, 200, and 400 um aper-
tures. It was found that the 400 um aperture gave the best
signal-to-noise ratio for this investigation.

The specific lens and spacer combination were chosen to
suit the focusing range and size of the control volume that
was observed. The focusing range was governed by the amount
of traverse needed to obtain the required measurements with-
out interfering with the flow field. The optics used allow-
ed viewing of the control volume at a range of 80 cm.

The size of the control volume was a function of the
range, lens-spacer combination, and size of the pinhole. At
a range of 80 cm with a 9.0 cm spacer, a 200 mm focal length,
and a pinhole of 400 um the cross-section of the control
volume seen by the lens system was 1.2 mm in diameter.

Photomultiplier Tube. The scattered light was detect-

ed by a EMI 9863 KB/100 Photomultiplier Tube. A EMI PM 25B
power supply regulated a constant 1850 volts to the PM tube.
The lens system focused the incident light from the focal
volume onto the pinhole aperture and via a narrow band spec-
tral filter on to the PM tube cathode. It was important
that the narrow band filter be matched to the wavelength of
the helium-neon laser, 6328A. The PM tube circuitry then
amplified and sent the signal to the digital correlator.

Care had to be taken with this instrument where acci-
dental exposure to direct laser light would have caused damage

to the unprotected circuitry. In addition to the laser's low

output and therefore the PM tube's high sensitivity, it was




important to keep room lighting to a minimum. Stray light

would have introduced undesired noise to the system.

Digital Correlator. The signal processor of the system

was the Malvern digital correlator type K7023. The instru-
ment processed the signal from the PM tube, digitized the
signal, and sent it to the oscilloscope as a digital

correalation.

Oscilloscope. The autocorrelation function from the

digital correlation was displayed on a Tektronix AM/USM-425
(V)1 oscilloscope. The sinusoidal curve shown in Figure 4
represented the characteristic digital correlator display of
the incoming signal from the photomultiplier. Velocity and
turbulence intensity information was extracted from the curve
simply by recording the channel number and content of the
first minimum, 9qr the first maximum or peak, 9y and the
second minimum, g3- The following section describes the

operation of the system in detail and how data is extracted.




Channel Contents

L 1 1 4

Channel Number

Figure 4. Autocorrelation Function
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IV. Principle of Operation

The detailed procedure describing how to install and
operate the LDV is contained in the Malvern Manual (Ref 6)
and Cerullo's thesis. The principle of operation can be
visualized as follows: Two coherent, vertically polarized
laser beams are brought to an intersection at a common point
in the flow field. Their intersection forms a set of paral-
lel intensity fringes as depicted in Figure 5. As a particle

entrained in the flow passes through this field of spatially

1.1 mm

|
Flow — Particles

Ak s

Focal Volume

-

Figure 5. Schematic of Beam Intersection Point

Laser
Beams
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varying light intensity, the amount of light scattered by the
particle is detected by the photomultiplier tube. The scat-
tered light that is detected by the photomultiplier allows
the photomultiplier to produce an electrical signal that
represents the intensity of the fringe pattern in time rather
than in space. The signal burst produced at the photomulti-
plier is sent to the digital correlator, processed, and dis-
played on the oscilloscope as shown in Figure 4.

The period (T) of this signal was the time required to
travel the fringe spacing (S). The period was calculated
from the sample time and peak channel number

T = (Channel number of peak - 3) x sample time
The integer 3 represented the first three monitoring channels
of the correlator which contain no useful information. Only
the channels from 4 on could be used in calculations; there-
fore, 3 was subtracted from the peak channel number. Fringe

spacing was found from beam geometry and laser wavelength

| >
S |

S =

oo

where

L = length of beam from the intersection point
to a surface normal to a line that bisects
the angle between the beams (see Figure 6),

D = beam separation at the surface,
A, = 6328 A, and
Mo = index of refraction for the medium where

the measurement was taken, 1.0 for air.

Figure 6 illustrates these parameters.

15
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Wall
Flow

Figure 6. Fringe Spacing Parameters
Since velocity is equal to distance divided by time,
the calculation simply is

U =

=

The turbulence intensity (n) is calculated by (Ref 6)

1 1]%
n=—"IlRrR-1) + =%
. n
where
To
n = g—; ry = radius of beam and
279 h h 1 t
R = 9,79 917 9y and g5 are the channel contents

of the autocorrelation function.




V. Experimental Procedure

Mach Number Calibration

The validity of the various measurements depends on

precise chamber pressure calibration to obtain and maintain

the desired Mach number. For the purpose of calibration in-

compressible flow conditions were assumed at the nozzle exit.
The procedure followed to set the pressure prior to each

test sequence to provide a constant Mach number went as follows:
l. From the chamber temperature (T.), the velocity was

calculated by the definition of Mach number

M =E§
e a
where
a= 49 /g

c
For the low velocities T, = T, was assumed. (T, = 1.008 T¢

2.. The calculated U, was substituted into the follow-
ing equation to find inches of Merrian fluid required
PaU? - 7
Ahm = ch:T:ym |
3. The chamber inlet values were adjusted to give this
Ah on the manometer.

4. The Laser Velocimeter was employed to obtain a velo-

city reading in the center of the jet at the nozzle exit.




5. The experimental velocity compared to the calculated
velocity had to agree within 3%. Three percent was found to
be the average deviation from the peak correlation channel,
9o, ON the autocorrelation function.

6. This manometer reéading was noted and monitored
throughout the testing sequence.

Appendix A outlines the equations and assumptions used

to calibrate the manometer for the two operating Mach numbers.

Optical Alignment

The procedure detailing the alignment of the beams with
respect to the plates and focusing optics was carried out in
four steps. The first step encompassed the beam, nozzle, and
upper plate orthogonality. To accomplish this, the bisector
of the angle between the beams was aligned parallel to both
the upper plate and nozzle exit.

Second, the intersection point of the two beams was set
at the center-line of the nozzle exit plane at the desired
downstream station. The intersection point became the focal
volume that the optics observed. A card placed at this point
enabled the focal volume cross-section to be observed and
aligned by means of the beamsplitter Eontrols.

Once this was accomplished the optics on the photomulti-
plier tube were aligned and focused by viewing the focal
volume image on the card through the polarized eyepiece.

The photomultiplier tube stand was then adjusted such that
the lens focused the image of the focal volume onto the

pinhole aperture.

(Y £ VR e e A e S 7 n w et e e




Finally, a figure or number was selected on the computer
card and brought into focus by adjusting the telephoto lens.
This allowed the sharpest image of the intersection point to
form on the pinhole aperture. This approach prepared the

system for a test sequencé in a minimum amount of time.

Laser Traverse

The laser and photomultiplier were mounted on a traverse
table which could be translated in three perpendicular direc-
tions. The traverse position readout system was calibrated
so that the position of the beam intersection was known any-
where in the flow field. With this arrangement the flow field
could be investigated quickly and easily.

Three traverse sequences were employed to map the flow
field and observe the ground plate interaction at M = .5 and
M = .2. Each sequence started at the zero point on the axis
to be measured and progressed along the axis in both direc-
tions. The traversing table was incremented in 5 mm steps
along the y and z axes and 1 cm steps along the x axis.

Velocity profiles wére mapped along the z axis on the
y axis center-line at the 5, 10, and 15 cm downstream posi-
tions (Figure 7). Data was gathered with the ground plate
in the 1, 2, and 5 cm positions at the two Mach numbers for
a total of 18 profiles.

The Coanda effect was investigated on the curved por-
tion of the top plate. Measurements were made along the

X axis in 2 cm increments up the curved surface starting at
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the 15 cm position. The beamsplitter‘had to be rotated to
keep the fringe pattern of the focal volume normal to the
surface. Measurements were taken with the ground plane at
the 1, 2, and 5 cm positions (Figure 7).

Vertical traverses were made to investigate the flow
field with the ground plane removed. Data was observed from
the flow as close to the top surface as possible. The planes
of interest were along the y axis at the 5, 10, and 15 cm

downstream points (Figure 7).

Pressure Measurements

e TT R MR VIS PN Y P eoAm oo sPTn e T g ¥ A s r o

Static pressure readings were taken from all 45 taps
with the use of a micromanometer. A pressure probe inserted
into the flow measured the total pressure at the tap posi-
tions. Figure 8 shows the probe in relation to a tap and the
flow. 1In order to establish valid results without the probe
interferring with the tap, measurements were taken indepen-
dently. Static pressures were taken without the probe in
the flow, then total pressures were taken at the edge of the
port. Both readings were made with respect to atmospheric

pressure.

Data Handling Technique

Prior to each traverse, the values of L and D, the beam
length and width measurements, were noted. Beam length was

measured from the focal volume to the laboratory wall 420 cm

away. The beam length was constant throughout all testing

since the measurements were all initiated at the nozzle




Y

center-line on the x y plane. The widﬁh, D, measured at

the wall, changed slightly from traverse to traverse due to
adjusting the beamsplitter after following beam alignment
procedures. From Ref 6 the suggested fringe spacing, S, was
set to correspond with the velocity range expected. A fringe
spacing of 36 um corresponded to a D of 7.4 cm which was
typical throughout the sequences. The 36 um spacing was well
within tolerances for the low subsonic velocities investigated

as found in Ref 6.
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VI. Results and Discussion

Emphasis was placed on studying the flow and the effects
upon_it from ground plate interaction at Mach 0.15 and 0.2.
As a secondary interest, measurements were taken at various
positions in the flow with the ground plate removed to test
the limits of the Laser Velocimeter. Some of the important
results of this investigation are discussed in the follow-
ing pages. The plots presented are representative of the
results obtained in that particular flow regime. Appendices
B, C, and D contain the remaining plots and data for a de-

tailed comparison.

Velocity Profiles

Ground Plane Effects. Velocity profiles were taken 5 mm

below the top plate corresponding to the x axis center-line.
The 5, 10, and 15 cm measurement positions were in the mixing
region of the jet flow. BAnalysis of the velocity profiles
revealed two parameters which effected the flow field, natural
expansion due to mixing with the still air and ground plane
position. Natural expansion was completely independent of
ground plate position. This was an expected result due to
the nature of the jet. The jet became completely turbulent

3 cm from the nozzle exit. Due to shearing interaction with

the stationary surrounding air, the emerging jet entrained
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and mixed with some of the surroundiné air, thus forming a
transition layer along the jet boundaries. The jet carried
the air entrained in this layer downstream where it expanded
inward to the potential core. Figure 9 illustrates the growth
of the transition layer as a function of downstream position.

The proximity of the ground plane had the effect of
expanding the flow outwards along the z axis. Figure 10
shows the results of the expansion effect for M = 0.15 at
5 cm downstream. Velocity appeared uniformly distributed
8 cm across the width of the nozzle. As the ground plane
approached the top plate the potential core expanded across
the full 10 cm of nozzle width. Including the transition
layer, the width of the flow increased 21% from 9.5 cm to
12 em. The profiles at the two downstream positions indi-
cated similar increases of 20% for the expanding flow.
Velocity decay at the 5 cm position was more symmetrical
compared to the downstream positions. This resulted from
the growth of the transition layer at the downstream posi-
tion which increased the turbulence level in the flow.

The Laser Velocimeter enabled the flow to be mapped to
approximately 1 cm beyond the nozzle width on both sides.
Beyond this region the correlation function was virtually
flat indicating no measurable flow. This type of curve in-
dicated very high turbulence intensities present in the flow.
Data acquisition terminated for a test run when the auto-
correlation function attenuated to the point of not building

a peak. Figure 11 shows the minimum autocorrelation function

from which data could be extracted.
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Figure 1ll1. Autocorrelation Function at High
Turbulence Intensities

Mach 0.2 profiles indicated a similar trend in flow
expansion compared to Mach 0.15 (Figure 12). The difference
was the width of the transition layer which was suppressed
at the higher velocity. The expansion of the flow due to
the ground plane resulted in an increase of only 16% at the
5 cm position. The width of the jet at this point expanded
from 9 cm to 11 cm at the boundary. Downstream positions
showed similar developments.

The potential core did not exhibit a large decay due
to the mixing region compared to the lower Mach number. The
width of the potential core for 1 cm of separation of the
plates changed from 2 cm at M = 0.15 to 6 cm at M = 0.2

(Figure 13). The potential core at each station in the
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Mach 0.2 flow remained constant as the ground plate approached
the top plane.

Also noted was the fact that the velocity profiles were
not all‘symmetrical with respect to the center-line. The re-
sult was thought to be due to transients in the flow; however,
when the run was repeated, the same effect occurred. Two
possible explanations of this asymmetry were that the plate
was warped at this station or the transition layer was fully
developed from turbulence, friction, and mixing upstream.

The characteristics of the jet at the 15 cm position
with the 1 cm separation indicated a velocity increase. Fig-
ure 14 shows the increase for Mach 0.15 flow compared to the
2 and 5 cm separations. Since this was only noticeable with
the 1 cm separation it was assumed that friction due to the
closeness of the plates caused a pressure drop at the curve
whereby the flow accelerated.

Curve Surface. The measurements taken along the curve

attempted to demonstrate the Coanda effect. This phenomenon
was basically the tendency of the jet to attach and follow
the solid surface due to a pressure differential near the
surface.

Figure 15 shows the Laser Velocimeter results of Mach
0.15 and 0.2 at the jet center-line corresponding to a
ground plate position of 5 cm. The flow velocity increased
as the flow turned through the first 2 cm, decreased gradually
to 24 cm, and finally separated from the plate. Figure 16

shows schematically the Coanda effect near the curved surface.
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Figure 16. Schematic of Coanda Effect

Vertical Profiles. Vertical traverses were made at the

5, 10, and 15 cm stations from the plate to the lower transi-
(> tion boundary. The 5 mm region from the nozzle center-line
to the top plate which included the plate boundary layer was
of particular interest. The boundary layer was 3.5 mm thick
at the 5 cm station and increased to 5 mm at the 15 cm sta-
tion. Measurements in this layer confirmed very turbulent
flow as a result of the jet flow contacting the plate. Fig-

ure 17 compares the vertical profiles at the 5 cm station for

the two Mach nuﬁbers.

From the geometry of the focal volume and traversing
mechanism, the Laser Velocimeter was limited to 2 mm below
the surface of the top plate. The electronics were unable
i to extract any valid data in the high turbulence regime close
{ .(; to the surface. The plate interferred with the beams and

optics such that the control volume could not be seen clearly.
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An analytical approach to calculate the boundary layer
was considered; however, results were not consistant with
the data (Ref 9). The problem encountered was one of how to
categorize this particular boundary layer. Table I lists
the Reynold's numbers chaéacteristic of the subsonic flow

at the three stations of interest.

TABLE I

Reynold's Numbers Based on Streamwise Direction
Reynold's No. (x10~%)

X M= .15 M=.2
5 0.78 1.30
10 1.99 2.68
15 2.25 -3.54

The classical approaches only considered one charac-
teristic flow regime. 1In this investigation the boundary
layer was influenced by the jet boundary, plate roughness,
unsteady flow near plate, surrounding still air leaking into
the jet flow, and plate oscillations. An accurate boundary
layer calculation would have encompassed all of parameters
and their effects.

Pressure Results. The velocity pressure measurements

were taken in the boundaryllayer at the top plate correspond-
ing to the 11 static pressure taps along the x axis center-
line. The pressure probe essentially measured the total
pressure corresponding to a streamline 1.5 mm below the top

plate. The pressure probe was placed in the flow and
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positioned in the x z plane such that the manometer gave the
highest reading. This was done so no error would be intro-
duced by incorrect alignment of the probe axis on a stream-
line. The LV measurements at the same locations were limited
to 2 mm below the surface; therefore, the data was presented

as a similarity profile in Figure 18. Velocity corrections

for probe interference were not included since the correc- |

tions were negligible (Ref 7). Evidence of the flow acceler-
ating in the vicinity of the curve was detected by both
g methods. This effect was more apparent with the Mach 0.2

flow. In the vicinity of the wall and where the flow was

not parallel in the x y plane to the probe axis, agreement
was not obtained; however the laser data was consistent with
the physics of the flow while the pressure data was not.

The static pressures from all taps are shown in Table
4 II. The highest readings were concentrated along the center
| of the flow. A positive pressure gradient existed along the

flat portion of the plate for both Mach numbers. The acceler-

ST TR

ation effect of the curved surface was evident from the nega-

tive pressure readings at the 15 c¢m position and up along

S T T

the curve. The flow followed the curved surface until separa-
tion which corresponded to tap 42 or 8 cm flownstream from

the flat plate section.

Turbulence Intensity

Turbulence intensities were indicative of the amount of
turbulence in the flow field. The potential core of the jet

was tyvpified by measurements of negligible intensities while
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TABLE II

Static Pressures on Top Plate

Ah (inches) Ah (inches)
Station M=0.15 M=0.2 Station M=0.15 M=0.2
1 0 0 24 0 0
2 0 .08 25 0 0
3 -.05 -.05 26 0 0
4 0 .08 27 0 0
5 .05 .08 28 0 0
6 .12 .10 29 -.02 -.04
7 .08 .20 30 -.31 -.06
8 .09 .25 21 -.35 -.70
9 .09 .25 32 -.30 -.97
10 0 0 33 -.04 -.70
11 0 0 34 0 -.10
12 0 0 35 0 -.02
13 0 0 36 0 -.02
14 0 0 37 0 0
15 .05 .14 38 -.50 -.88 |
16 .06 .20 39 -.42 -.82 ;
17 .08 .25 40 -.25 -.55 ;
] 18 .10 .27 41 -.11 -.25
ﬁ 19 .08 .28 42 -.05 -.10
20 .08 .22 43 -.04 -.10
21 .04 .20 44 -.05 ~.09
22 .03 .15 45 -.05 ~.09
23 0 .10
39
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the transition region exhibited intenéities of 15% to 30%.

Figure 19 illustrates the turbulence intensity profiles for

Mach 0.2 flow at 5 cm with the effect of the ground plate.

The effect on the potential core indicated small increases

of turbulence from 0% at 5 cm of separation to 4.5% at 1 cm

of separation. The downstream changes in turbulence inten-

sities are shown in Figure 20 where the turbulence increases

from 0% at 5 cm position to maximum of 8% at the 15 cm station.
A problem of computing the turbulence intensity arose

when the R value was less than 1.0. The equation for turbu-

1 1|*

where the term under the radical, when R < 1, becomes nega-

lence intensity is

tive. For this investigation it was assumed that values of
R in the range of R < 1.0 corresponded to a 0% turbulence

intensity.

40




TURBULENCE INTENSITY PROFILE
M=002_ X=5 cm
Ground Plate Positions
6= icm 0= 2cm A= §cm

( O;OG { A o
cm !
~1.0En \t;l
|
~2,0p k\

|

~— e - 8
-600-
-7.0L
-8.0 1 | 1 4 1
0 5 10 15 20 25 30
n )

Figure 19. Turbulence Intensity for M=0.2 at x=5cm for
3 Ground Plate Positions

L1




i A A3 i, S A A N AL AN A o1 1 31 b St

TURBULENCE INTENSITY PROFILE
M=0.20 1icm Separation.
i 3

| X = 5m-e——0o—
_ X = 10cm e — B -
X = 15cm a o

-7.0L
i
-8n0 i 1 } 1 1 i
0 5 10 15 20 25 30
n )
Figure 20. Turbulence Intensity Profiles for M=0.2 at

Down stream Stations
42




- .«mwm; - .

VII. <Conclusions

The velocity and turbulenée intensity parameters for
various plate configurations were measured with the Laser
Velocimetér. Pressure probe measurements were taken in the
jet flow and compared to the LV results. The following are
the conclusions from the results:

1. The proximity of the ground plate had the effect of
expanding the flow outward. The flow field experienced the
onset of expansion with 2 cm of separation from the ground
plate. The 5 cm point was considered to be at infinity for
all practical purposes since the flow field experienced no
plate induced effects. This result can be compared to the
result of Staufenbiel (Ref 11) if the flow field width is con-
sidered as the effective span of the top plate. The hypoth-~
esis then can be stated from this thesis that at separations
less than 20% of the span the flow field was influenced by
the ground plate.

2. The velocity measurements taken in the vicinity of
the curved portion of the top plate did indicate the Coanda
effect. However, a more rigorous approach is needed which
should include a hot jet discharge much closer to the curve.
This arrangement would be better suited to the study of the
Coanda effect as applied to high lift devices.

3. The vertical velocity profiles showed the existence
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of a fast growing turbulent boundary layer along the top plate.
The factors contributing to the growth of this layer included
the mixing region of the jet, plate roughness, entrainment of
the surrounding air and the ground plate deflecting the flow.

A more detailed study of the effect of each of these parameters
should be undertaken to understand the influence of each on

the boundary layer.

4. The laser velocimeter's capabilities and limits were
tested in measurements of the jet flow boundary layers and
plate boundary layers. Both of these regions encompassed
very high turbulent flow regimes and thin boundary layers.

To accurately measure the flow parameters in these regions
of high turbulence, the traversing mechanism was moved in
smaller increments due to the thin boundary layers. The
choice of a smaller time scale from the present 50 nano-
seconds for the LV should be considered. The optical re-
ceiving equipment should be adapted to enable the portion of
the focal volume being viewed to be decreased; therefore,
allowing the boundary layers to be studied in more detail.
This dictates that the equipment be designed so that the beam
does not impinge on a surface very near the probe volume
minimizing noise.

5. The turbulence intensities were insignificant in the
potential core of the jet near the nozzle exit. Turbulence
in the potential core increased to a peak of up to 10% at the
15 cm position. Increases were accredited to natural turbu-

lent mixing in the jet, existance of a shear layer, and
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ground plate proximity. Turbulent intensities of 10% and

more were found in the extreme velocity gradient regions in

the jet transition and plate boundary layers.




VIII. Recommendations

The following recommendations of the present system in-
clude modifications of both the test apparatus and LV measure-
ment system. Modifications to the signal processing instru-
ments are not discussed but can be found in Reference 3.

1. The source of air flow was a two dimensional nozzle
discharging into still air. The plates and associated hard-
ware could be mounted in a subsonic wind tunnel as an alter-
nate air source. The wind tunnel would simulate the WIG's
environment better than the nozzle flow.

2. The present model can be modified to allow flow of

secondary air on both sides of the nozzle. With this modi-

fication the mixing region of the still air and jet flow can
be investigated along with its effect on the two plates.

3. To accurateiy measure thin boundary layers the con-
trol volume in the flow should be decreased. With a smaller
control volume smaller increments can be made with the
traversing mechanism to measure the boundary. This can be
accomplished by reducing the diameter of the intersection

point either with smaller laser beam or lenses which focus

the beams to a smaller point.
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Appendix A

Calculation of the Exit Velocity

The validity of the measurements depended on a con-
stant nozzle exit Mach number. The equations and assumptions
used are outlined below.

From the temperature in the chamber the exit veloc-
ity was found by:

Assume:
T =T al

which agreed with actual measurements. From definition of

Mach number
U
_ e
Me == A2
a =¢chRTe A3

Egn A3, with conversion factors, reduced to:

a= 14.94 /'F; a4

where Te is in (°R).

For M=0.2 and Te=70°F,

Ue = Me a=67.77 m/sec




( Introducing the incompressible flow eéuation

- = = 1 u2
PO Pa = AP 3 pv A5

VvV =

Ue

Ap

measured pressure.

The measure pressure, AP, in the 100" Merriam manometer

was found by

where Ym = 2.95.

Substituting Eqn A6 intoc A5 and solve for

1
AR = 2

Again with conversion factors, Ah in inches is

4

Ah = Ue2(7.15x10- ) in A8

For Ue = 67.77 m/sec

Ah = 3.3 in of Merrian fluid.

This was used to initially set the chamber pressure for

finer calibration by the LV. A similar calculation for

Mach 0.15 corresponded to an initial setting of 1.7 in of

Merrian fluid.
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Pressure Data
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Table III

Pressure and LV Velocities

M= 0.15 M= 0.2

Pressure Lv Pressure Lv

(m/sec) (m/sec) (m/sec)

35.00 35,88 52.20
33.10 - Lo.30
36.40 34.49 47.70
32.50 36.30 45,20
30.00 34,74 44,00
27.30 30.53 39.80
24,20 27.77 35.40
21.80 24,36 30,20
17.50 27.60
13.50 20.80
11.30 15.30
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Figure 22, Pressure and LV Velocity Profiles Along the
x Axis Centerline for M=0.2
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Table IV

Top Plate Pressure Data
M= 0.15 M= 0.2 3
X
Tap |Total . Ah U Total ) Ah u

(em)| no.| (1n) {5 J(in) | (w/sec] (in) |TEHT (in) | (n/sec] |

5 6 3.50/0.12 | 3.38 35.00{ 7,60| 0.10] 7.5 52,20 :i
10 18 3.10{ 0.10 | 3.00 33.10} 4,751 0.27| 4.48] 40.30 |
15 31 3.30F0.35( 3.65 36.40| 5.55]-0.70) 6.25| 47.70

17 38 2-40"0.50 2.90 32-50 4.?7 —0088 5.60 45-20

19 39 2,050.42 7 2,47 30.00) 4,50)-0.82] 5.32] 44.00

21 40 1.80"0125 2.05 27‘30 3.80 "‘0055 4135 39.80

23 41 1.50"0‘11 1.61 2“’.20 3.20 -0025 3.)"’5 35.40

27 | 43 | 0.80r-0.04} 0,84 17,50} 2,00]|-0.09| 2.09] 27.60

29 Ll’Ll' OoL"Sr‘OQOS 0-50 13.50 1010 -0009 1-19 20.80

31 45 0.30-0.05 0.35 11030 0¢55 "0009 0.6“’ 15030
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APPENDIX C

LV Experimental Results at M = 0.15

and M = 0.2 for z Axis Profiles
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Figure 23,

Velocity Profiles for M=0.15 at x=5 cm
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Figure 24, Velocity Profiles for M=0.15 at x=10 cm
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Figure 25, Velocity Profiles for M=0.15 at x=15 cm ]
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